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ABSTRACT 

This document describes and defines a simplified attitude 
control system f o r  a 24-hour satellite t o  be placed i n  an equa- 
t o r i a l  orbi t  about the earth. Ftgorts are made t o  establish 
operating characteristics f o r  a generalized and theoretical  
satellite. Use of a theoretical satellite, without the re- 
str ic t ions of fixed configuration, pennits the mathematical 
determination of the satellite I s  behavior and orbi ta l  tendencies . 

The theoretical  vehicle under study uses a three-cuds 
fl3wfieel-control system f o r  attitude control. 
reference i s  obtained from two earth horizon seekers. The sun 
is used f o r  yaw reference. 
orientation of solar c e l l  banks f o r  optimum sun energy trans- 
f e r  i s  included. 

Roll and pitch 

In addition t o  att i tude control, 

This docunent will endeavor t o  defins and evaluate a 
theoretically workable system capable of maintaining both 
attitude control and solar-cell-bank orientation f o r  a 2bhour 
orbi t  equatorial sa te l l i t e .  
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Defbi t ion 

X,.Y,Z 

C*%Y 

Rotating reference axes No units . 
No units Space-fixed reference axes 

Earth's orbi ta l  rotational 
angle about the q - d s  

Radians or 
Degrees 

No units 

Radians or 
Degrees 

Vehicle-fixed axes 

Vehicle rotational angles 
defined i n  Figure, 2 

Intennediate reference axes 
defined i n  Figure 2 No units 

No units 

Solar bank servo-drive angle 
defined i n  Figure 3 

Radians or  
Dwm- 

E Voltage output of a sensor 
elexnent Volts 

Angle between sensor plane 
normal and incident sun ray P Radians 

Bolts Sensor element const;ant K 

El  Voltage output of sensor 
face #1 Volts 

E2 Voltage output of sensor 
face $2 Volts 

Volts Difference between E;! and E1 

Yaw sensor  face P1 coordinates 
defined i n  Figure 8 No U n i t s  

Yaps sensor face #2 coordinates 
defined i n  Figure 8 No Units 

Inclination of yaw sensor faces, 
defined i n  Figure 8 Radians 
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Symbol units - Definition 

Reference axes defined by 
Figure 10a No units 

E, B,F Reference axes defined by 
Figure lob 

. 
No units 

Earth's o rb i ta l  rotation angle 
about the sun, defined by 
Figure lob 

8 Radians or 
Degrees 

4 

Elements of Hatrix 1.5 No units 

Indicates the angle measured 
between two axes L No units 

Sensed rol l ,  pitch, and yaw 
angles Radians 

Reference angle defined by 
Quation 1.26 

Radians o r  
Degrees 

Steady-state yaw bias term 
-/ -f -I 

'C, Servo-drive sensor face #1 
coordinates defined i n  Figure 11 No units 

Servo-drive sensor face #2 
coordinates defined i n  Figure 11 No w t s  

Inclination of servo-drive sensor 
faces, defined i n  Figure U. Radians 

Radians Sensed servo-drive angle 

Dots over symbols indicate 
time derivatives 

0 .  c No units 

General instantaneous vehicle 
angular velocity 

Components of *along vehicle - - -  
8xes X,Y,Z 

Rad/sec 

Rad/sec 

Vehicle angular velocity &bout 
the mu, pitch and yaw axes Rad/sec 

G r a m  The mass of a solar  cell  bank 
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symbols 

d 

Definition 
-_c 

units - 
The distance between the vehicle 
pitch axis (v) and solar bank 
a--s Q11 

Dimensions of s o l a r  c e l l  bank, 
defined by Figure 13 Qn 

Frincipal moments of inertia of 
a solar  c e l l  bank along axes a, 
b, and C. m-cm sec 2 

Total moments of inertia of the 
vehicle and both solar c e l l  banks 
along x, 2, and 'z. 2 e;m-cm sec 

2 

2 

Vehicle moments of inertia about 
the ro l l ,  pitch and yaw axes. 

Flywheel moment of inertia 

gm-cm sec 

m-cm sec 

R o l l ,  pitch and yaw flywheel 
angular displacements Radians 

Jet torques about the vehicle 
rol l ,  pitch and yaw axes m-w 

Disturbance torques about the 
vehicle ro l l ,  pitch and yaw axes 

Desired sensed yaw angle R a d i a n s  

m-Qn 

Compensated yaw signal Radians 

Yaw cmpnsat i rg  amplifier gain No units 

1.iaXimum l imi ted  solar bank 
angular velocity Denlmin 
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. 
INTRDDUCTION 

This report is  the result of a study made on a simplified 
For any study of t h i s  type, certain satellite control system. 

basic assumptions must be made on which theoretical  conclusions 
can be based. 

Assume then, t ha t  a sa t e l l i t e  is placed i n  a 2bhour equa- 
t o r i a l  orbi t  about the earth. 
a three-axis-flywheel-type att i tude control system obtaining 
its pitch and rol l  attitude stabil ization by sensing the earth's 
horizon. 

The assumed satellite would use 

Yai? attitude is obtained by referencing the Sun. 

Because of similari ty t o  the previous "Three Axis Study of 
A Flywheel Type A t t i t u d e  Control System", frequent references 
t o  t h i s  report wil l  be made. 

Since the most practical power source f o r  such a satellite 
would be solar power, provisions are included t o  use the sun's 
rays and solar ce l l s  fo r  t h i s  purpose. 
are oriented toward the sun at all times, i n  order t o  obtain 
m e u m  energy transfer. Theoretical considerations indicate 
a relat ively simple control system could be designed t o  sense 
and keep the solar c e l l  banks oriented taward the sun. 

Two banks of solar ce l l s  

With these factors in mind, mathematical analysis of the 
ent i re  system can be underhken. 

The assumed s a t e l l i t e  is launched into a 24-hour equa- 
t o r i a l  orbit. 
the earth, a s e t  of reference coordinates must be defined. 
24-hour equatorial satellite is a special type of orbit. The 
satell i te lies i n  the ear th 's  equatorial plane and it orbits 
the earth at the same ra te  as the earth rotates. 
fore  be seen tha t  the s a t e l l i t e  would remain seemingly fixed 
above a given subpoint at the equator. 

To locate the sa te l l i t e ' s  orbi t  with respect t o  
The 

It may there- 
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- -  
g cost$cos8 sin+cos8 -sin8 

y cos+ -si"J in8sinJI cos+ 

z cos+ in8cosq sin sin@cos* COS~COS\~ /  

sin+sin8si1$ +cos +cos 

+oin$sin+ -c t @sinq 
- e -  

The rotating reference axes X, Y, and Z, as illustrated i n  
Figure 1, maintain constant rotat ion re la t ive  t o  the space-fixed 
reference frame 5 , 9 , and y. 
axis is directed toward t h e  sun and the 
the o rb i t a l  plane. The o rb i t a l  ro ta t iona l  angle a is about 
the 9- axis, thus maintaining alignment of the 7 and Y axes. 
This relationship can then be expressed as: 

A t  the  vernal equinox, the  5 - 
5 , y-plane lies i n  

1. I 

Consider x, 7, and z t o  be vehicle f ixed axes aligned with 
the vehicle's principal axes. 
rotat ional  angles which are defined i n  the  following sequence. 

Figure 2 illustrates the  three 

1. is a counterclockwise rotat ion about Z, 
(YAW) re-orientating the  body axes from X and Y 

t o  X' and Y', respectively. 

2. 8 is a counterclockwise rotat ion about-yls 
re-orientating the body axes f r m  Z and XI, 
t o  and x,respectively. 

3. JI is  a counterclockwise rotation-about X 
re-grientgting the body axes from Y' and ' Z I ,  

t o  Y and Z,respectively. 

(PITCH) 

(ROLL ) 

Thus the  body-fixed axes may be specified as 

I .2 
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Substituting 1.1 into  1.2 gives 

I .3 

This matrix orients the sa te l l i t e ' s  b0dy-P-d control 
axes t o  the space-fixed axes anti includes the orbi ta l  rotation 
angle a . 

The orientatioh of the solar c e l l  banks nust now be examined. 
These solar cell banks are geonetrically considered t o  be rec- 
tangular parallelepipeds. 
the  principal =xes of the s p i a r  L a n k  and b a.lways ali,neG slow 
t h e  vehicle's Y a?ds which is the vehicle pitch axis. 
drive angle 
solar banks relative t o  the vehicle. 
Pigure 3. 

consider axes a, b, ani. c aliFned with 

The sorvo- 
about 9 w i l l  then specify the orientation of the 

This is i l lus t ra ted  by 

Thus 

I .4 



4 

This expression defines the s o l a r  bank orientation with 
respect t o  the body-fixed axes. 

Substitution of Matrix 1.4 i n to  1.3 gives the complete 
specification of the solar banks relative t o  the space fixed 
reference frame . . 

1.5 

~cos+cosecos\n 
-sin&in\n)cosX 

+(cos+sin&os+cosQ 

+ sin+inJ/cd 

+ cos&s*sin\n)sinX 

cos+i&sKIJlcd 

- sin+cos+o& 

kcos&inJ/sinLl 

si+cos&osX 

+(sin+sin&osq 

-cos+sinJ/)sinX 

sin+sin&i n C  

+cos + cos$ 

(sin +si&s+ 

-cos+sin+) cosX 

- sin+cosesinX 

sin+coswiS1 

+cos&inJ/c& 

-cos+ sin8sinqsid 

The different ia l  servo drive and yaw sensors are mounted 
on the solar c e l l  banks as i l lus t ra ted  i n  Figures k and 5. There- 
fore, t h i s  matrix is necessary t o  specFfy t h e i r  outputs. 

. 
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To express the output of the y a ~  sensor, consider FiRures 6 
and 7. Figure 6 i l lus t ra tes  the voltage output (E) of the sensor 
element as a function of the sun'd incident angle ( p ). 
relationship is expressed aa 

This 

. 
I .6 

I 

E= K cos p 

where YL is  a function of the  sensing element used. The  angle i s  
measured from the normal of the sensor plane t o  the inciderrt sun 
ray. Figure 7 i l lus t ra tes  the getmetrical configuration of the  
yaw sensor and shows the resulting yaw sigml output (L). The 
output is  d i f f e r e n t i a  and may be expressed ss 

1.7 

E; Ee- E, 

where both E, and'E2 are given by WUatiOn 1.6. 

Since the yaw sensor is mounted on the solar c e l l  bank, the 
f ixed  orientation of the two sensor faces relative t o  the solar 
c e l l  bank coordinates may be determined. 
this relationship. 

Figure 8 illustrates 

Gonsider axis a, t o  be n o m a  t o  the sensor #l face and 
axis x2 t o  be normal t o  the sensor #2 face. Both sensor faces 
are inclined at an angle with p s p e c t  t o  the solar c e l l  bank 
b,c-plane. 
axis c, then 

If both axes c l  and c 2  axe a l w ~ y s  aligned along 

I .8 

-sinp 

=P 
0 !I1 I C  

For Sensor # I  
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1.9 

If 'i i.s an axis parallel  t o  the incident sun rays, then Equations 
1.6 ar,d 1.7 give the yaw sensor output as 

1.10 

Eo= K (COS /i2, A - COS/GG ,A ) 

- 
where /a,,x i s  the angle between the a,-&z and x-axis a d  
/&A is  the angle  between the aa-axis and A - a x i s .  

Since Watrix 1.5 describes the relationship of the solar 
c e l l  banks relative t o  space f ixed coordinates, the direction 
of t h e  incident sun rays (H) with respect t o  the same space 
fixed coordinate set m u s t  now be determined. This would then 
completely specify the yaw sensor output as given by Equation 1.10. 

Figure 9 provides a pictorial  representation of the necessary 
coordinate systems. Consider 8 as the  orb i ta l  angle f o r  describing 
the earth's motion about the sun. Because of the 23 1/2 degree 
inclination of the equatorial plane with respect t o  the ec l ip t i c  
p l a e ,  two matrix transformations i n  terms of t h i s  angle and 6 
are necessary t o  locate 1 with respect t o  the (, 7 ,yspace-fixed 
coordinate system. This is demonstrated by Figure 10, The first 
transformation i s  given from Figure 10a as 
I. I1 

where ABC is  a coordinate s e t  such that A is aligned along 5 
and B i.s normal t o  the plane of the ecl ipt ic ,  

\ 
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The second transformation 3.9 given fram Figure 1% as 

1.12 

- -. - 
where 4 El C is a coordinate set such that fs is U g n e d  along 
B and A is in the direction of the incident sun rays. 

1-13 

or 

1.14 

Combining Matrices loll and 1.12 gives 

If 1;iatrix 1.5 is re-written as 

i 

where the elements'dij are given by the elements of Matrix 1.5, 
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then 

1. 15 
I 

msp -sinp 0 sin8 

sinp cosp .917 :399cos{[ 1 
0 0 .399 .917cos8 E 

And 

I. 16 

Matrices 1.15 and 1.34 are derived by using Matrices 1.8 
1.9, 1.13 and 1.u and are necessary to determine angles/X,,f 
and@, respectively. 

PIultiplying out only the necessary terms of Matrices 1.15 
and 1.16 gives 

- I -  



1.18 

.. 

- J 

From iviatrices 1.17 and 1.18 

Therefore from Q u a t i o n  1.10 



I O  

1.21 

Substitution f o r  the elements of d.-jj from Mat* 1.5 gives 

This defines the desired voltage output (Eo) of the yaw 

If it is assumed that  

sensor as a function of all variables . 

1.22 

Eo= 2Ksiry~sin Ay where Ay=sensed yaw angle 

For the special case of 8 0' (vernal equinox), Equation 
1.23 reduces t o  

I .24 



Reference t o  Matrix 1.5 shows that t h i s  sensed yaw angle 
may be defined as the complement of the angle between the incident 
sun rays (c-axis sin-8- Oo) and tbe b - e  of the solar cell 
bank. Thia  justifies the introduction of Equation 1.22. 

B e  angle 8 ds~cribes the changes of the gaw sensor output 
as the  earth orbits the sun. Mote that f o r  8 = 90° (summer 
sols t ice)  the expression f o r  the sensed yas-r angle becomes 

I. 25 

Comparison of Equation 1.25 with Equation 1.24 shows t h a t  
there is an effective phase sh i f t  of 90° f o r  the reference point 
of a and'thef there is an added bias tern of .399(cos+ cos9  
+ sin+sin @sing ) . For +,8 and small, this bias term becomes 
the constant value of, .399 when % -  90°. By then defining a 
new zvference angle such that 

Equation 1.25 may be re-written as 

1.27 

If liquations 1.27 and 1.24 are now compared, they are found 
t o  be quite similar, especially if the bias term is removed by 
biasing the y-m sensor an equal but opposite amount. 
may be accomplished ei ther  by using an internal  time reference 
o r  by control from a ground station. The only differences then 
are t h e  ,917 attenuation term and the effective phase shift of 
the = 00 reference point. As f a r  as the vehicle's att i tude 
relative t o  the earth is concerned, t h i s  reference phase s h i f t  

This biasing 



is  ignorable, Therefore, by using bias and increasing the  gain 
as a function of 8 , equation 1.24 may be interpreted as valid 
f o r  a l l  8 such that  0 5 8 I 900. Uith similar reasoning and 
including the bias and gain increase considerations, Equation 
1.24 may be extended t o  apply f o r  all values of 8 . Thus, 
1.28 

where as a function of 8 the necessary steady-state bias term is 
given by ( Ay )uas= .399sin 6 and can be subtracted frm the 
sensed angle. 

As i n  the previous progress report, the sensed pitch angle 
is the complement of the angle between the  Z-axis and the x-axis . 
The sensed r o l l  angle is the complement of the angle between the  
Z-axis and the y-axis. 
with Equations 1.2, these sensed angles may be written as 

Using a direction cosine matrix comparison 

sin A,.=cosQsinJI where A,= sensed roll ongle 

Therefore the complete expressions f o r  the sensed at t i tude 
angles become 

1.30 

sin Ay..(cos+sinOsinq- sin+cosJllcosR+sinA,sinS1 

sin A; cos 8si n+ 

Even though the use of bias and gain increase f o r  the yaw 

8 , 

sensor removed unwanted terns i n  t h e  control loop, there w i l l  
s t i l l  be a power loss from the so la r  ce l l  bank as a function 
of This is because the incident sun rays do not remain 



perpendicular t o  the solar  banks as the earth orbits the sun. 
Since the maximum voltage loss i8 less than 9%, there will be 
a m e u m  power loss of qproximately 16% occurring at the 
8 = 90° and 8 = 2?0° points (pmnner and w i n t e r s o l s t i q r e -  
spectively). When 8 = 00 or 8 = 1800 (ve rnd  ami a u t d  
equlnox) the sunlight is again Ferpendicular t o  the solar banks 
and full power output of the  solar cells can be achieved. 

Observing Equation 1.30, note that the sensed yaw angle 
(A,) is independent of the servo-drive-loop signal ( A 1. Also, 
both pitch and r o l l  sensed angles ( Ap and A, 
of the angle which is a lways  about the Z-axis ( l o c ~ l  ver t ica l  
axis).  Pitch and r o l l  angles are also independent of the orbi ta l  
angle of revolution ( s2 1. This is a direct  consequence of the 
defined sewor  angles . 

are independent 

The expression fo r  sensed vehicle yaw ( 4 ) presents some 
interesting cases. F i r s t  consider a= Om as i l lus t ra ted  by 
Figures 1 and 4. Then from &pations 1.30 

1.31 

which f o r  s m a l l  angles (i.e. all angles + 0) reduces t o  

1.32 

This shows that the sensed yaw signal is primarily -+ 
f o r  small angles #>>&. >hen the pitch and ro l l  channels are 
nulled, t h i s  becomes exact and 

since 

L33 

Ap-+ for a=@ 
8=l / /=O 

13 
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Next consider the  case f o r  fi - go0. This condition is 
i l l u s t r a t ed  by Figures 1 and 5 . Then from Equations 1.30 

1.34 

sin A =sin A, for sz=900 Y 

.'.Ay. A, 

For t h i s  condition a U  sensed vehicle r o l l  is coupled in to  the 
yaw control loop causing yaw rotat ion about the  Z-axis. 
represents a s t a t e  of confusion since the  yaw sensor is unable 
t o  see the vehicle yaw rotat ion and as 8 result there  is no 
yaw control f o r  a = 900. 

:Jhen a= 180°, Equation 1.30 shows t h a t  

This 

1.35 

sin A; -cos+sin8sin*+sin++ for 51 = 1800 

izote that the polar i ty  sense of Ay i n  Equation 1.35 is  the nega- 
t ive of t ha t  i n  Equation 1.31. 
as soon as a exceeds 900 because of the c o s a  
1.30. 
-X, P is controlled t o  -Y, and z is controlled t o  +Z f o r  t h i s  yaw 
polar i ty  inversion. This shows, then, t h a t  the vehicle m u s t  r o t a t e  
180° about the Z-axis aftera exceeds 90°. 

This polar i ty  inversion occurs 
term i n  Equation 

Consequently # i s  controlled t o  1800, x is controlled t o  

When a= 270°, the  y w  expression i n  equation 1.30 reduces 
t o  r 

.*.A;-A, 



For this condition of a= 270' , any sensed vehicle roll is  
negatively coupled in to  the yaw control loop caus iq  yaw rotation 
about the  Z - d s .  This also represents a state of confusion 
caused by the absence of yaw control at 5 270° . For the same 
rotation caused by the r o l l  disturbance, Equation 1.36 is of 
opposite sign t o  Equation 1.34. 
the a= 2700 point, there m u s t  be another 1800 rotation about 
the  Z-axis. 
B,Z, controlled t o  XYL u n t i l  the 

Thus, after the vehicle passes 

Therefore, c# will again be controlled t o  Oo and x, a= 90° piqt is  again reached. 

The d e v e l o p n t  f o r  the servo-drive-sensor output is similar 
t o  tha t  f o r  yan sensor output. The sensing element and geometrical 
configuration are again given by Figures 6 and '?,respectively. The 
relationship of the sensor relative t o  the solar cell  bank is given 
by Figure 11. Let  "1 and Z: be perpendicular t o  sensor P 1  face 
and sensor #2 face,respectively. Both sensor faces are inclined 
at an angle p1 Kith respect t o  the  solar-cell-bank b,c-plane. If 
both axes 6,' and 6: are a l w a y s  aligned along axis b, then 

1.37 

1.38 
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sin8 A 

9 7  1399coSs B 1:: 0 

,399 ,917~0~8 E 

N o w  Equation 1.10 i s  also valid for the servo-drive-sensor * 

output. 
matrices are written 

In order to detexmine the necessary angles, the following 

1.39 

/ 
C O S L  0 

0 I 

sinp' o 

And 

1.40 

where wain the $ elements are given by %=tion 1.5, 
the earth's o r b i t d  angle about the sun, and 
of the incident sun rays on the sensor elements. 

8 is 
is the direction 

Multiplying out only the necessary terms of Equation 1.39 
gives 

1-41 



Replac- p' with -p1 in Quation 1.b also solves Matrix 
1.40 giving 

L42 

Thus Xatrices 1.b ana 1.u give the angles / i i ,x  and 

Zubstitution of these angles into Equation 1.10 with the 
at, A , respectively. 

replacement of 5; for and i: for X, gives 
1;_ 

Collecting terms in Zquation 1.43 gives 

1.44 

. 
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Finally, substituting the values %.J from Matrix 1.5 gives 

1.45 

If it is  again assumed that 

1.46 

Eo=2Ksinp'sin A, 

Then for 6 = 0'. 

where A,=tk sensed servo drive ongk 

1.47 

sin A,= cos+ sin 8cos\cl& X +sin+sin+cosQcos X 
+cosec~+sin~cosX+sinesinnsinX- cos+co&cos~sinX 

O r  

With similar reasoning as that for the sensed yaw angle (A, 1, 
Equation 1.47 can be extended t o  be valid for all 
bias is, however, not necessary since all te  
multiplied by the factor .399 vanish as '$ r, and 'I' are nulled. 

6. The use of 
in muation 1.45 

As the vehicls orbits the earth, it has previously been 
shown that there are two values for the '$ null. position. 
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For -900 < a 
For +90° < a< 2700, #is controlled t o  1800, 

+ 90°, $ is corrtrolled to 0' 

In addition, if both 8 and JI are set equal t o  zero,  quati ti on 
1.47 separates in to  two cases, 

CASE I1 sinA =sinacosX+cosQsinX x for +900<n< +270° 
sinA A- -sin(180°- A$=tin(Q+X) and (p = BOo 

.*.A( I8O0-(f i+A) 8=JI=oo 

I n  order t o  nul l  the sensed servo drive signal, these equations 
show tha t  the control loop m u s t  enforce 

I .49 

It is then evident tha t  t he  solar c e l l  banks are driven at the 
same rate as the orbital angular velocity for -90° < a + 90°. 
However, when 90° 
changes sign. In t h i s  interval, the solar cell banks are driven 
at a rate equal and opI;osite t o  the orbi ta l  angular velocity. 
velocity reversal is automatic since there is a 1800 phase s h i f t  

a < 2700, the  velocity of t h e  solar cellbanks 

This 
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of t h e  sensed servo-drive signal each time the vehicle rotates 
about a confusion point. For steady-state nulled conditions, the 
relat ionsh9 of the solar bank coordinates (a,b,c) t o  the vehicle 
axes (x,y,Z) as the vehicle orbLts the earth is i l lus t r s ted  by 
Figure 12. 

Since s i n h  = sin$?, fo r  steady-state operation, A may 
be used t o  resolve the yaw and r o l l  signals as the vehicle orbits 
the earth. This is developd in the conclusion of t h i s  report and 
gives the sensed yaw signal pr ior i ty  over the sensed r o l l  signal 
on both sides of the tlconfusedll yaw sensor positions ( 51 = 900 and 

0 2700). 

As shown by the PmflOUs ProRress report, the components of 
the general instmtaneous-vehicle-angular velocity 3 referenced 
t o  the moving vehicle axes x, P, and z are 

1.50 

w = w- = Q;cos&osJ/-esin~ 
Y Z  

Also developed i n  the same report we e the angular velocity 
equations,including the orb i ta l  velocity h 89 

1.51 

or = $-~sinB+hshrplcos6 

are the rotational velocity components 
about t h e  



21 

The sensor outputs and the angular velocity components hgve 
men expressed i n  terms of the three independent-rotational angles 
#, 8 , and $ and the orb i ta l  position angle a. These will be 
used later t o  develop the complete torque equations. 

As mentiomd previously, each solar cell bank is considered 
t o  be a haamgeneow rectangular parallelepiped as shown i n  Figure 
13. V i t h  reference t o  Figure 13, let m be the mass of each solar 
cell bank, As introduced previously, a,b,c is  an orthogonal 
coordinate set fixed i n  the solar cell bank and aligned to the - bank's principal axes with b aligned along the vehicle f h d  
Y-axis. 
11, 12, and 1s t o  be the dimensions of the solar bank as illus- 
trated.  
inertia of the s o l a r  c e l l  bank along a, b, and c, respectively. 

Let d be the distance between the x and a axes. 

mine I, Ib, and IC to be the principal mments of 

Consider 

Thus,the moments of inedia can be written as 

I52 

Defining It, I2 and It t o  be the t o t a l  moments of inertia 
of the vehic l .  e d  both-solar c e l l  banks referenced t o  the 
ve5icle axes X, Y,. a@ Z,respctively, and considering the a- 
axis aligned i n  the X-direction gives: 

153 
e 1, = 1,+2(l,,+md 1 

& = 1,+2(14 for X=oO 

5 = ly+2(lc +mde) 

where Ir, Lp, Is are the moments of inertia of o n l y  the  vehicle 
about the roll,. pitch and ygw axes,respectfvely. 



After the solar-cell  bank has-rotated 900 (i.e. A-  90') 
the  a-axis is then aligned t o  the  Z-axis direction,and the 
equation be comes 

I .54 

l3quations 1.53 and 1.54 portray the maximum variation of 
iner t ia  about the vehicle's principal axes caused by the solar- 
cell-bank rotation. Note that  I (the monent of i ne r t i a  along 

change between I1 and 13 as the bank rotates.  This interchange 
is caused by the difference between 1, and IC 88 described by 
muations 1.52 . 

These equations also indicate a preferable configuration 
for the solar bank i n  order t o  minimize this  iner t ia  change. 
This would be accomplished by m a k i n g  I, large with respect 
t o  both I, and I,, thus making the Wference between I, and 
Ib small. 

can be instrumented, t h i s  variation i n  
iner t ia  could be continuously compensated by gain c h q e s .  
Whether or not th i s  is necessary depends upon the magnitude of 
these iner t ia  variations. 

the y-axis) remains constant, bu 2 there is  a continuous inter-  

t ince the angle 

The torque expressions derived i n  the  previous progress 
report merely need modification of the moment of i n e r t i a  
quantities i n  order t o  contain ine r t i a  variations shown by 
Fquations 1.53 and l.s4. These are shown by 
1.55 

where I, IQ, and 1,- varied parameters, with meJdmum deviations 
given by Fquations 1.53 and l.54. IF is the  flywheel moment of 
inertia;  dr is the indicated flywheel speed and 8 is the indicated 
flywheel acceleration. The indicatied J and D tenus- are jet and 
disturbance torques. 
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1 -  

, 

The servo-drive loop is considered t o  3e slow re l s t ive  t o  
the vehicle attitude-control system. Therefore, the vehicle 
roll and yaw cross-coul;lina disturbaces (because of the  solar 
bank's r o t d i o n )  may be neglected. Thus the servo-drive torque 
disturbs the vehicle only about the pitch axis. Since f r l c t ion  
is an internal  loss, only the acceleration of the solar-cell 
bank by the  servo-drive system Kill provide vehicle pitch 
disturbance. A d d h g  this acceleration term t o  Equation 1.55 
gives 

1.56 

This equation formulates the complete torque expression. 

COMCLUSI 01: 

Previous mathematical equations and explanations have 
defined a theoretically workable control system f o r  a 2bhour 
s a t e l l i t e  i n  an equatorial orbit .  Since the sun is used f o r  p- 
reference, there are two confusion points( $2 = F@ and a= 2700) 
a t  which yaw control is lost .  There i s  a lso  a yzw reference 
r.olarity r e v e r s a  a t  theae two points so t ha t  the vehicle m u s t  ro- 
tate 1800 about i ts  yaw b s  each time a confusion point is  passed. 
Because of these vehicle rotations, the solar  banks never rotate 
more than 180° as they are continuously driven t o  face the inci- 
dent sunlight. Therefore, i n  order t o  transfer the  solar-cell  
generated power in to  the vehicle, direct  interconnecting wires o r  
cables may be used. This canbe an advantage, since if  the solar 
banks had t o  continuously rotate, some. type of slip ring arrange- 
ment would have t o  be used, resulting i n  moving parts subject t o  
Fie ar . 

The major disadvantages resulting from yaw-ref erencing 
the sun are the yaw-sensitivity decline and roll-coupling increase 
in to  the yaw sensor as the confusion p i n t s  are approached. Xef- 
erence t o  Figure l4 will reveal both the yaw-sensitivity decline 
and *e roll-coupling increase into the yau loop as the 
confusion point is aFproached. In order t o  improve yaw-control 
sens i t iv i ty  f o r  normal steady-state operation, an investigation 
of compensating networks was made. This investigation produced 
a roll-coupUng rejection and sensor-gain-compensation network 
which is i l lus t ra ted  by Figure 15. The resolving network is 

a= 90° 
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based on a function of solar-bank-axle -le 
able inprt  and f o r  steady-state operation jxi equivalent t o  t h e  
sa te l l i t e ' s  orbi ta l  angle a . ihssminE steady-state conditions 
and small a g l e  disturbances, Zqustion 1.213 naj be reZucsd t o  

which is an avail- 

1.57 

cosQ + A,sinS1 wtwe s inAy~  Ay. 
and sinA,mA, 

A Y =  (Addesired 

If the sensed r o l l  signalA,is now multiplied by sinX 
and subtracted from Zquation 1.57, the r o l l  coupling in to  the 
yaw control loop i s  effectively rejected assuming e i ther  
or  A= (180° - a). aw s i g n a l  ( A  ) 
still falls off as a cosine function of 6. mus,to b t : g $ ~  
ym sensor gain relat ively constant as the a= 900 confusion 
point is approached, an bnplicit  resolving loop may be used t o  
provide yaw gain compensation. This compensating loop is a l s o  
illustrated i n  Figure 15 where the f i n a l  yaw output signal may 
be expressed as 

However, the desired 

1.58 

K ( A )  COSG - A Ydesired 
Ab- I + KAcosX 

The constant value kk represents the amplifier nain. As t h i s  
gain becomes very la rge ,  &y-+ ( ) for dl assurnin;. 
steady state conditions. Equation l.&%m&so plotted i n  Figure 
U as a relative yaw signal gain f o r  the value of KA a rb i t r a r i l y  
equal t o  ?O. This shows that the compensated y&w gain is rela- 
tively f l a t  as the satellite approaches the 
the g a i n  is s t i l l  i n  excess of 60% at 2 !?' on e i ther  side of 
t h i s  confusion point. 

compensation for KA = 20, O f  course,no amount of compensation 
can result  i n  sensed yaw signal at the confusion point, since 
the Ermplifier gain cannot become infinite. This represents an 
appreciable improvement i n  yaw sensitivity, however, since the 
area of yaw control loss  i n  the control system is  reduced t o  a 
space of only approximately 100 at each confusion point. An 
optimim value f o r  KA would of course depend upon the s a t e l l i t e ' s  
mission specifications concerning yaw gain as a function of s1 . 

- 90' poi& and 

Figure 16 is u s 0  included t o  illustrate the amount of gain 



The primary requirement f o r  "tight" yaw control is t o  
properly orierrt the jet thrust vector when the sa t e l l i t e ' s  
orbi ta l  velocity must be changed. This velocity change miaht 
becane necessary f o r  e i ther  a desirable o rb i t a l  maneuver o r  an 
orbi ta l  velocity correction caused by jet thrust errors. 

Assume the satellite t o  be i n  the 24-hour equatorial 
orbi t  and it becomes desirable t o  sh i f t  its position from one 
point t o  another over the earth's equator. This shif% i n  
position is started by either increasing or decreasinR. the o b  
b i t a l  velocity of the sateUite t h r o w  the use of some type 
of jets. The satellite's orb i t  is now elliptical. After a 
specified number of revolutions and,when the satellite is over 
the desired point on earth, an equal and opposite jet thrust  
au t  be applied i n  order t o  circularize the o rb i t  again. If 
the satellite is t o  remain i n  the equatorial plane,the jets 
m u s t  be properly oriented. 
velocity should be made  only while t i ah t  yaw control of the 
vehicle is maintained, Use of roll-coupling rejection and ydw 
gain compensation as explained ear l ier  reduces the  areas of 
yaw confusion t o  about 2 5 d e m e s  on each side of the confusion 
points ( a = 90° and a = 270°). This gives a p p r o a a t e l y  two- 
10 degree areas of confusion lasting for 40 minutes each. 
course these are= may be reduced by increasing KA. 

point other than the two confusion areas would present no 
control system problems,since both the yaw ga in  and sensi- 
t i v i t y  are high. It m u s t  be presumed,though, tha t  it could 
become necessary t o  i n i t i a t e  orbi ta l  changes o r  v e b c i t y  
corrections while the satellite was within a confusion area, 
In this area, yaw control is not only poor, but the vehicle 
must rotate 180° about the yaw &s because of the yaw-reference 
polarity s h i f t  a t  the confusion point. Therefore, it is not 
advisable t o  fW the j e t s  for  orb i ta l  velocity change. Haw- 
ever, if conservation of jet fuel or optimization of o rb i ta l  
change(with respect t o  t ime)  dictates that the jets m u s t  be 
f i r ed  within a confusion area, the same effective result can 
be accomplished. Theoretically,this is possible by applying 
two jet  t h r u s t  vectors which  hive an equivalent th rus t  re= 
sultant at the desired point within a confusion area. 

* 

* 

Therefore,any channes i n  orb i ta l  

O f  

Any changes i n  o r b i t a l  velocity of the s a t e l l i t e  a% a~u' 

Thus, an effective orb i ta l  change at  a confusion point 
can be produced by properlyfiring jets j u s t  prior t o  and 
inmediately a f t e r  the  sakel l i te  passes a confusion area. 
It may then be seen that  orbi ta l  velocity changes can be 
accomplished at any point i n  the satellite orbit. 
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A s  mentioned previously, the s a t e l l i t e  m u s t  rotate 180 
degrees i n  yaw at each confusion point ( $?, = 90' or  
or once every 1 2  hours. 
energized by a limit switch when the solar banks reach t h e i r  
maximum angular travel.  
does not become f u l l y  effecti-ve u n t i l  5 degrees beyond the 
confusion p i n t ,  the vehicle's yaw angular velocity must be 
180 degrees i n  20 min, o r  -15 dedsec. If a jet  pair  is  f i r e d  
a t  each confusion point t o  impart, an angular impulse resulting 
i n  an angular velocity of .Is deg/sec., the yaw sensor w i l l  be 
properly aligned t o  i ts  reference when the yaw loop becomes 
full3- effective 

For steady-state operation the solar banks must rotate 
180 degrees i n  12 hours or i ts  angular velocity must be 
.25 deg/min. 
relatively slow compared t o  the vehicle-attitude-control 
system, As mentioned previously, t h i s  is an advantage from 
the standpoint of minimizing vehicle disturbance because of 
solar-bank rotation. 
solar-bank drive loop, velocity l imi t ing  can be used. By 
using a proper amount of gear reduction between t h e  drive 
motor and t l - E  s o l a ~ * - t w A  axle, a limited value of Xmax 
v i l l  result when the motor reaches maximum speed. 
i l lust rated by Figure 17 with Xmax arb i t ra r i ly  equal t o  
1 aeg/min. 
nm angular t ravel  of the solar banks t o  -90° < X.< 90'. 
Also included is a tachometer feedback loop i n  the event 
that  the motor back emf does not provide the desired loop  
dmpinC: 

Figure 18 gives an overall  a%titude-control-sytem 
block diagram less the complete jet  back-up portions f o r  the 
pitch, r o l l  and yaw channels. 
jection, compensating, and Umiting networks are included. As 
an optional feature, a switch controlled by is shown as an 
input t o  the yaw gain compensation amplifier. Thus, the yaw 
gain may be switched t o  zero i n  t h e  regions of confusion 
althougli ,theoretically, th i s  is not necessary since the gain 
m u s t  f a l l  t o  zero, as i l lus t ra ted  by Figure 14, 

= 2700) 
This can be a controlled maneuver 

With t h e  assumption tha t  the yaw loop 

Therefore, the solar bank drive loop can be 

To always insure a relatively slow 

This is 

A Unit switch is also shown t o  l i m i t  the maxi- 

All the previously mentioned re- 

As developed i n  the previous progress report, it was 
shown tha t  t h e  angular momentum stored i n  the yaw and r o l l  fly- 
Wheels of the control system must be continuously exchanged a t  
a frequency of one cycle per day. This is because of the con- 
t rol led rotation of the s a t e l l i t e  about its pitch e s  as it 
orbits the earth every 24 hours. Since the' s a t e l l i t e  under 
consideration i n  t h i s  report has t h i s  same controlled rotation, 
its yaw and r o l l  flywheel speeds m u s t  also vary sinusoidally 
with a 90° phase relationship. 
points, when the vehicle rotates 1800 about the yaw d s ,  there 

However, at, the  two confusion 
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m u s t  also be a polarity sMt in both the pitch and roll flywheel 
speeds because of the yaw rotation. Figure 19 i l lustrates a 
typical mamentm exchange for the yau, pitch and roll flywheels 
over a 24 hour interval. This illustration assumed no external 
disturbances and was plotted for  i n i t i a l  flywheel speeds of 
2,000 RPM, 1250 RPM and 0 RPM for yaqpitch and roll,respectively. 
The transierrts i n  the flywheel speeds during the periods of confusion 

(denoted by the shaded areas)are not shown. 
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